Abstract: According to the accepted climate change scenarios, the future rainfall in the Korean peninsula is expected to increase by 3-10%. The expected increase in rainfall leads to an increase of runoff that is directly linked to the stability of existing and newly installed hydraulic structures. It is necessary to accurately estimate the future frequency and severity of floods, considering increasing rainfall according to different climate change scenarios. After collecting observed flood data over twenty years in 12 watersheds, we developed a regional frequency analysis (RFA) for ungauged watersheds by adjusting flood quantiles calculated by a design rainfall-runoff analysis (DRRA) using natural flow data as an index flood. The proposed RFA was applied to estimate design floods and flood risks in 113 medium-sized basins in South Korea according to representative concentration pathway (RCP) scenarios. Regarding the future of the Korean peninsula, compared with the present, the flood risks were expected to increase by 24.85% and 20.28% on average for the RCP 8.5 and 4.5 scenarios, respectively.
Introduction
Climate change is one of the most extensively researched and discussed issues affecting the natural and human environment. As discussed in previous studies, due to climate change, rainfall patterns will become more irregular, the frequency of concentrated heavy rains will increase, and flood damage is expected to increase in the future [1] . Therefore, it is imperative to accurately estimate current or future design floods. Estimation of the design flood is the most basic engineering process that determines the design criteria of hydraulic structures. A design flood is a hypothetical flood (i.e., peak discharge in this study) adopted as the basis in engineering design of a water resources system [2] .
There are two practical methods for estimating design floods; a flood frequency analysis (FFA) which estimates design floods via statistical analyses of observed streamflow data, and a design rainfall-runoff analysis (DRRA) which estimates design floods using a conceptual rainfall-runoff model coupled with statistical analyses of observed rainfall data. The United States has developed an FFA-based guideline (Bulletin 17B) to estimate design floods using abundant flow data for water resources design [3] . The United Kingdom applies the FFA for gauged watersheds and employs the DRRA for ungauged watersheds [4] . Many countries in Europe such as Austria, Cyprus, Germany, Denmark, France, Ireland, Italy, Lithuania, Norway, Poland, Slovakia, Spain, and the United Kingdom share flood data to perform point or regional frequency analyses. The Centre for Ecology and
Study Areas and Data Sources
We selected 12 watersheds for developing an RFA, as shown in Figure 1 : Four in the Han River (#1001, #1002, #1012, #1017), three in the Nakdong River (#2011, #2014, #2017), and five in the Geum River (#3001, #3009, #3011, #3012, #3014), and collected rainfall and streamflow data. The four digits in Figure 1 present the code number of watershed. The FFA is a method to estimate design floods by a statistical frequency analysis using annual maximum flow data. The DRRA is a method to estimate design floods by a rainfall-runoff model after performing a statistical frequency analysis using annual maximum rainfall data.
We first performed the FFA and the DRRA to evaluate the estimated design floods for the selected watersheds. The watershed information and data sources are shown in Table 1 . In this study, the design floods estimated by the FFA were assumed as the true values because the FFA provides the estimates from the statistical analyses of observed streamflow data. For some areas without sufficient observed streamflow data, the FFA can be applied after stochastically simulating flood events [24] . In this study, we collected the DDRA-based design floods from the government reports and used them to develop an RFA for ungauged watersheds, which is presented in Section 3, because they were already verified and accepted by the Ministry of Land, Infrastructure, and Transport (MOLIT), Korea. We also employed the natural flow data used for developing Water Vision for 2011-2020, which were calculated by the tank model for medium-sized watersheds in Korea. The natural flow was calculated by estimating the average rainfall and potential evapotranspiration (using Hargreaves formula). MOLIT estimated the natural flows for medium-sized basins during 1966-2003 to develop a national comprehensive water resources management plan [25] . The parameters of the Tank model have been calibrated and verified through Nash-Sutcliffe Efficiency (NSE) and Ratio of Volume (ROV). The estimated natural flows have been evaluated and approved by the Korea Meteorological Administration (KMA). Therefore, we used the natural flow data estimated by a Tank model considering climate change scenarios which were provided by KMA [26] .
Specifically, the natural flow rates were used to calibrate the design floods estimated by the DRRA for ungauged watersheds. The proposed RFA was applied to estimate design floods in 113 medium-sized basins considering future climate change scenarios provided by KMA [27] . Kim et al. [28] produced daily maximum temperature, daily mean temperature, daily minimum temperature, and daily precipitation data with 1 km horizontal resolution for 10 years from 2001 to 2010 using MK (Modified Korean)-PRISM (Parameter-elevation Regressions an Independent Slopes Model). KMA has also simulated MK-PRISM for RCPs 4.5 and 8.5 [29] and provides natural flows for medium-sized watersheds as application information items in the water resources sector. Finally, risk maps corresponding to future climate change scenarios were developed through hydrological risk analysis.
Because Korea lacks flow observation data, it is difficult to perform the FFA; therefore, it is inevitable to perform the RFA in practice. In this study, we have developed a regional frequency analysis using 12 gauged watersheds with streamflow observations. We have also employed the natural flows to assess the future flood risk according to the RCP scenario. The FFA is a method to estimate design floods by a statistical frequency analysis using annual maximum flow data. The DRRA is a method to estimate design floods by a rainfall-runoff model after performing a statistical frequency analysis using annual maximum rainfall data.
Specifically, the natural flow rates were used to calibrate the design floods estimated by the DRRA for ungauged watersheds. The proposed RFA was applied to estimate design floods in 113 medium-sized basins considering future climate change scenarios provided by KMA [27] . Kim et al. [28] produced daily maximum temperature, daily mean temperature, daily minimum temperature, and daily precipitation data with 1 km horizontal resolution for 10 years from 2001 to 2010 using MK (Modified Korean)-PRISM (Parameter-elevation Regressions an Independent Slopes Model). KMA has also simulated MK-PRISM for RCPs 4.5 and 8.5 [29] and provides natural flows for medium-sized watersheds as application information items in the water resources sector. Finally, risk maps corresponding to future climate change scenarios were developed through hydrological risk analysis. Because Korea lacks flow observation data, it is difficult to perform the FFA; therefore, it is inevitable to perform the RFA in practice. In this study, we have developed a regional frequency analysis using 12 gauged watersheds with streamflow observations. We have also employed the natural flows to assess the future flood risk according to the RCP scenario. 
Regional Flood Frequency Analysis
It is necessary to test the independence and homogeneity of the observed data before performing a statistical frequency analysis. The tests using the lag-one serial correlation coefficient and the indicator for nonhomogeneity indicated that the data used in this study including observed streamflows and simulated natural flows were independent and homogeneous. Based on the goodness-of-fit test, this study employed the generalized extreme value distribution (GEV) for annual maximum streamflow data. The parameters of GEV were estimated by the probability-weighted moment method (PWM).
This study developed a regression equation to estimate the design floods by adjusting the design floods estimated by the DRRA and using the natural flows. After investigating various regression equations, such as an exponential, power, and growth-rate equation, a two-variable regression equation was chosen as given in Equation (1), which had the highest R 2 compared with others.
where Q t,FFA and Q t,DRRA are the t-y floods estimated by the FFA and the DRRA, respectively, Q t,NF is the t-y flood estimated by the FFA using natural flows, and a, b, and c are regression coefficients. In this study, a, b, and c were determined as shown in Table 2 . Figure 2 shows the flow chart of this study. The design floods estimated by three methods, i.e., Q t,FFA , Q t,DRRA , and Q t,NF (t = 30, 50, 80, and 100 years), are shown in Figure 3 . In the Han River basin, the design flood of FFA was estimated to be 8.51%~58.43% (average 27.71%) smaller than the DRRA. In the Nakdong River basin, the FFA was estimated to be 5.78%~26.32% (average 15.10%) smaller than the DRRA. In the Geum River basin, the errors were ranged from 6.26% to 67.55% (average 33.10%).
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where I t is the ratio of flood quantile and the annual natural flow ( Q t,NF/Q n ), Q n is the annual average natural flow, A is the basin area, and L is the river length. After calculating the value of Q n for each watershed, Table 3 summarizes the averaged I t for various return periods and analysis periods as defined in Section 4.1. In this study, Q t,NF was calculated by applying I t to Equation (2) considering the watershed characteristic factor after applying the mean value calculated by watershed and frequency. The RFA developed in this study, as given in Equations (1)- (3), has the advantage that it uses rainfall data relatively abundant in South Korea, instead of using insufficient streamflow data and the characteristics of ungauged watersheds with the simulated natural flows. In addition, the process is relatively simple. To verify the applicability, we applied a leave-one-out cross-validation (LOOCV) analysis and a skill score (SS) using the root mean squared error (RMSE) for a quantitative evaluation.
The LOOCV examines the effect of data on the statistical significance. When using n data points for statistical calculation, we calculate the statistics using (n-1) data points, remove one, and then verify the calculated statistics using each variation. The SS measures the relative performance of a prediction method, as given in Equation (4).
where A perf is the perfect prediction accuracy, A ref is the prediction accuracy of the existing method, and A new is the accuracy of the new method. The SS ranges from −∞ to +1. A positive value of the SS means the forecast is an improvement over the standard forecast, whereas a negative value means that the forecast has lower accuracy than the standard forecast [35] . In this study, after assuming that one of the 12 watersheds was an ungauged watershed, using the remaining 11 watersheds' information, the RFA was developed and then applied to the assumed ungauged watershed. This method was repeatedly applied to the 12 watersheds, one by one. The LOOCV procedure was repeated by successively dropping each station, one at a time. Predicted values for all basins were then compared to the observed ones. For this purpose, two classical criteria were used here: RMSE and SS [36] . The results of the LOOCV analyses are shown in Table 4 , in which all stations except for #2017 have positive skill scores. The average of SS was 23.2% for all 12 stations and 45.6% for 11 stations, except for #2017. As a result, when the proposed correction formula was applied, the accuracy was improved by 45.6% on average compared with the flood estimated by DRRA. 
Applications

Design Floods for Climate Change Scenarios
We applied the RFA to climate change scenarios after dividing the future period into 30-y intervals: S 0 (present), S 1 (2011-2040), S 2 (2041-2070), and S 3 (2071-2100). For example, the 100-y floods were estimated to be 27% larger than the present and S 3 for the RCP 4.5 and 40% larger for the RCP 8.5. In both scenarios, the 100-y floods of current and S 2 period were similar at low return periods, but they were estimated to be up to 5% at high return periods. Figure 4 shows the design flood curves for two RCP scenarios for the watershed #2011 in which the biggest change occurred.
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Conclusions
The DRRA overestimated design floods compared with the FFA on average 52% for 12 watersheds in this study. As a result of examining the applicability using the skill score, the watershed #2017 had a negative SS and opposite tendency. The natural flow was considered as an index flood and estimated using watershed characteristics such as watershed area and river length.
The SS of the Han River basin showed an accuracy of 37.16% in #1001, of 33.1% in #1002, of 36.14% in #1012, of 74.95% in #1017 basin, and the average of accuracy was 45.34%. Except in the case of #2017, in Nakdong River basin, #2011 and #2014 had 46.85% and 52.86% accuracy, respectively, with an average accuracy rate of 49.86%. In Geum River basin, #3001, #3009, #3011, #3012, and #3014 showed an accuracy of 12.74%, 24.36%, 24.29%, 70.51%, and 88.84%, respectively. The total average of the whole basin increased to 44.15%. The relationship between flood risk and future flood risk was derived using the natural flow of future RCP climate change scenarios. As the RCP scenarios of each watershed were applied through the flood risk map, the flood risk increased, except for #1017. If we applied the RCP 8.5 scenario to the developed RFA against the present, it was determined that the design floods for the medium-sized watersheds will increase in the future by 11% on average, and 40% to maximum. Future flood risks due to relative hydrological risk also increased by 0.193 for the 100-y flood. In South Korea, the design flood can be calculated using the RFA developed in this study because it can be applied for ungauged watersheds using rainfall data relatively abundant in South Korea. Since the flood risk was confirmed to increase in the future relative to the present, the comprehensive flood control plans and strategies for the stability of hydraulic structures should be implemented to cope with severe floods in the future.
Uncertainty comes from estimated parameters, simulated natural flows, regression curves, and the analysis of DRRA. This study was limited to perform the uncertainties of estimated design floods from the RFA. In addition, the developed RFA was not applied to other medium-sized watersheds, because we could not obtain the results of the DRRA for medium-sized watersheds. However, the RFA developed in this study is applicable for the medium-sized watersheds in South Korea when the DRRA is performed for the watershed for comprehensive flood mitigation planning after surveying characteristics of watershed. 
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